A novel nucleic acid hybridization assay with a DNA probe immobilized on 1.25-,um-diameter latex particles was developed. Hybridization of the immobilized probe DNA with sample rRNA was complete in 10 to 15 min. Alkaline phosphatase-labeled anti-DNA-RNA was allowed to bind to the DNA-RNA hybrids on the latex particles. Then the latex was collected on a small glass fiber filter pad, and bound alkaline phosphatase was quantitated by reflectance rate measurement. The method detected a broad range of bacterial species and had a detection limit of 500 cells per assay. The assay was used to screen urine samples for bacteriuria and had a sensitivity of 96.2% compared with conventional culture at a decision level of -104 CFU/ml. The hybridization method could have broad application to the detection of bacteria and viruses.
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Considerable effort has been expended to develop rapid methods for detection and identification of pathogenic microorganisms in body fluids and tissues. Advances in immunochemical and biochemical methods have made available rapid assays for some pathogenic organisms such as Phemolytic streptococci and Chlamydia trachomatis. More recently, nucleic acid hybridization methods, supported by recombinant DNA technology, have been described for detection and identification of microorganisms (14) ; however, the development of convenient, rapid methods has been difficult. Some major impediments to progress have been (i) the need to immobilize sample nucleic acids, (ii) long hybridization times, and (iii) long readout times for nonradioactive labels.
In previous efforts to overcome these limitations of hybridization methods, two key reagents were developed. First, a monoclonal antibody with high specificity for DNA- RNA hybrids was labeled with P-galactosidase and shown to be useful for detection of hybrids formed in hybridization assays (3, 19) . Second, probes complementary to highly conserved rRNA sequences (7) from Escherichia coli and Bacillus subtilis were prepared and shown to enable the detection of a wide variety of gram-negative and grampositive bacteria (19) . These reagents were used in an immunohybridization method that had a sensitivity of less than 1,000 bacterial cells per assay (19) .
Having developed immunohybridization assay reagents which give adequate sensitivity for detection of bacteria in normally sterile specimens such as urine and cerebrospinal fluid, we turned our efforts to designing more rapid and convenient assay formats. The method described here used DNA probes covalently immobilized on 1.25-,um-diameter latex particles. Sample rRNA in solution was hybridized with the immobilized DNA, and the DNA-RNA hybrids were detected with alkaline phosphatase-labeled anti-DNA-RNA (Fig. 1) . The DNA-latex allowed the hybridization to be completed within minutes rather than hours as required with the previous immobilized probe (3) . In addition, washing of excess alkaline phosphatase anti-DNA-RNA from the DNA-latex was facilitated by collecting the DNA-latex on a glass fiber filter pad. Then quantitative measurement of The hybridization method was used to screen for bacteriuria, and the results were compared with the results of conventional culture. As with any screen assay of normally sterile specimens, the benefit of this assay is to rapidly and conveniently eliminate negative specimens from the culture workload and allow attention to be paid to follow-up identification and antibiotic susceptibility testing of positive specimens. One hundred milligrams of carboxylate-modified latex was deionized with AG501-X8 mixed-bed ion-exchange resin (20-50 mesh) (Bio-Rad Laboratories, Richmond, Calif.) and suspended in 0.5 ml of 0.2 M pyridine-hydrochloride buffer (pH 4.5) containing 25 mg (50 ,umol) of N-(17-amino-3, 6,9,12,15-pentaoxaheptadecyl)-3-N-BOC-aminophenylacetamide. The suspension was chilled on ice, and 95 mg of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride was added in two equal portions, the second portion 2 h after the first. The reaction mixture was shaken at 5°C for 4 h. The latex was diluted with water and collected by filtration.
MATERIALS AND METHODS
The N-BOC-aminophenyl residue was removed in 6 M HCl at 80°C for 15 min. The suspension was chilled on ice, and NaNO2 was added to give a 0.12 M solution. Five minutes later the latex was collected by filtration and rinsed with about 10 ml of cold 0.1 M sodium acetate buffer (pH 4.2). The latex was suspended in 0.1 M sodium acetate buffer (pH 4.2) to a final volume of 0.5 ml. The latex concentration was determined gravimetrically, and samples were assayed for diazonium ion content. The diazonium ion was measured by reacting the diazotized latex with 0.5 mM 1-naphthol-8-amino-5,7-disulfonic acid in 0.1 M Tris hydrochloride buffer (pH 8.0) and then determining the amount of dye left in solution through measurements of A343.
Preparation of DNA-latex. The 20% suspension of diazotized latex (described above) in 0.5 ml of 0.1 M sodium acetate buffer (pH 4.2) was combined with 0.28 ml of M13-23SE (1.8 mg/ml) and 0.35 ml ofM13-23SB (1.42 mg/ml) probe DNAs to yield 10 ,ug of DNA per mg of latex. The mixture was placed on a rocking platform at 5°C overnight.
The DNA-latex suspension was diluted to 15 ml with 0.3 M NaOH and pelleted by centrifugation at 25,000 x g for 10 min. The pellet was suspended in lx SSPE (10 mM sodium phosphate buffer [pH 7.4], 0.15 M NaCl, 1.0 mM EDTA)-0.1% sodium dodecyl sulfate and collected by filtration. The DNA-latex was diluted into 2x hybridization solution (8x SSPE, 4% sodium polyacrylate, 0.2% sodium dodecyl sulfate, and 0.2 mg of denatured alkali-treated salmon sperm DNA per ml [3] ); the dilution factor was determined from the optimization protocol described in Results. Sodium polyacrylate was prepared by titration of 25% (wt/vol) polyacrylic acid (90,000 daltons; Polysciences, Inc., Warrington, Pa.) to pH 7.0 with sodium hydroxide pellets.
Fluorescence assay for DNA on latex. Quantitation of probe DNA immobilized on latex particles was performed by a modification of the method of Hinegardner (10) . After the reaction with 3,5-diaminobenzoic acid, the latex particles were diluted with 1 ml of 1 M HCl and pelleted by centrifugation; the fluorescence of the supernatant was measured.
Fabrication of filter strips. 31ET Whatman paper (Whatman Ltd., Maidstone, England) 10 cm wide was impregnated with 0.2% ethylcellulose in toluene, dried, and cut into 15-cm cards. A 10-mm-wide strip of porous adhesive tape (Fasson, Painesville, Ohio) was affixed to the impregnated 31ET cards (5 mm from one edge) and 12-mm-wide Whatman GF/F glass fiber filter ribbons were laminated on top of the adhesive tape. The cards were cut into 0.5-mmwide by 10-cm-long assay strips.
Synthesis of alkaline phosphatase-anti-DNA-RNA conjugate. Maleimide residues were introduced onto calf intestine alkaline phosphatase, and the enzyme was polymerized with glutaraldehyde. Fab', anti-DNA-RNA, was coupled to the maleimide residues through the hinge region thiols. (pH 7.0)-0.15 M NaCI (phosphate-buffered saline); enzyme concentration was calculated from A280 (an A280 of 0.76 is equal to 1 mg/ml) (6) . A 28.5 mM solution of succinimidyl-(N-maleimidomethyl)cyclohexanecarboxylate in dimethylformamide was diluted 20-fold into the enzyme solution. The mixture was reacted at room temperature for 50 min, and 25% glutaraldehyde was added to give 2.0% (wt/vol). This mixture was reacted at room temperature for 50 min and chromatographed on a 1.4-by 50-cm column of Bio-Gel P6DG (Bio-Rad) in phosphate-buffered saline. The protein peak was monitored by A280 and pooled. Protein content was determined by the Bradford method (4) with alkaline phosphatase for calibration.
The maleimide content of the alkaline phosphatase was determined by reaction with mercaptoethylamine in phosphate-buffered saline, and the residual mercaptan content was measured with 4-pyridylthione (8) .
(ài) Reaction of Fab' with maleilated, polymerized alkaline phosphatase. Anti-DNA-RNA Fab' (19) Hybridization assay. In the primary study of 214 clinical urine specimens, 50 ,ul of urine was added to 50 pl of the probe DNA-latex suspension in the 2x hybridization solution described above, and the mixture was incubated at 80°C for 10 min. These conditions cause cell lysis (12) and allow hybridization. After incubation, 100 ,ul of alkaline phosphatase-anti-DNA-RNA conjugate (6 ,ug/ml) in 0.1 M Tris hydrochloride buffer (pH 8.0-0.15 M NaCi-10 mM MgCl2-1 mM NaHPO4-50 ptM ZnCl2-0.5% bovine serum albumin-0.5% Triton X-100-0.05% sodium azide was added, and this mixture was held at room temperature for 3 min. Then 0. In the preliminary study of 159 urine specimens, 200 pl of urine was pretreated with 1.0 ml of a detergent (Bioterge AS40; Stepan Chemical Co., Northfield, Iii.) to lyse leukocytes. (The detergent was prepared in water previously adjusted to pH 3.0 with HCI and autoclaved.) After centrifugation at 12,000 x g for 4 min, the supernatant was discarded. The pellet was suspended in 50 ,l1 of TES, mixed with 50 ,ul of probe-latex suspension in 2x hybridization solution, and subjected to the hybridization assay procedure described above. In this study, the P-galactosidase-antibody conjugate was used with an appropriate enzyme substrate (19) . RESULTS Immobilized DNA probe. The DNA probe was immobilized on carboxylate-modified latex (1.25 ± 0.015-,um diameter) because the particles remain uniformly suspended during the hybridization and antibody binding steps. When the diazotized latex was reacted with 10 ptg of probe DNA, 3.5 to 6.0 ,ug of DNA per mg of latex was immobilized. Fluorescent measurements of imobilized DNA indicated the DNA-latex was stable for at least 1 h during exposure to hybridization conditions. Rate of hybridization of DNA-latex with rRNA. Hybridization temperature and NaCI concentration were optimized for the fastest hybridization rate. In addition, 10% dextran sulfate or 2% sodium polyacrylate (19) The sensitivity of the hybridization assay was determined with various amounts of the E. coli cell lysate by using reflectance rate measurements to quantitate assay dose response. The detection limit was about 500 cells per assay, and the assay dose response was nearly linear up to 2,500 cells per assay (Fig. 3) . These results are similar to those obtained with a solution hybridization method (19) .
During early investigation of clinical urine samples we found that urine containing >10,000 leukocytes per ml yielded false-positive hybridization assay results. However, we could eliminate the leukocytes by selective lysis with 0.2% Bioterge. Apparently the leukocytes yield DNA-RNA hybrids which bind with the anti-DNA-RNA enzyme conjugate, and this complex is trapped in the assay filter pad.
When the urine pretreatment step was used in the preliminary clinical specimen study, the results were as follows: 33 positive and 2 negative with >10,000 CFU/ml; 19 positive and 105 negative with <10,000 CFU/ml. The assay exhibited good sensitivity (94.3%), high negative predictive value (98.1%), 84.7% specificity, and 63% positive predictive value. However, since >10 leukocytes per pul is highly indicative of pyuria (15) and pyuria is generally associated with urinary tract infections (16) , assay signals derived from significant numbers of leukocytes in the urine can also serve to indicate the presence of infection. Consequently, since the centrifugation step adds substantial time and labor to a screen assay, another clinical urine study was conducted without pretreatment to eliminate leukocytes. Table 1 shows the performance characteristics of the hybridization assay when the criterion of .10,000 CFU/ml for positive conventional culture was used as the only basis to determine a positive urine. The assay sensitivity was 96.2%, the negative predictive value was 91.2%. Of the five specimens determined to be false-negative, two specimens contained >10,000 Staphylococcus sp. per ml and three specimens contained >10,000 mixed flora per ml. None of these specimens contained microscopically visible leukocytes, nor did they yield a positive leukocyte esterase test. When additional culture and microscopy data were taken into consideration for the 30 specimens in the false-positive category, the performance characteristics of the hybridization assay were improved. First (Table 2) , eight specimens contained bacteria recovered only on Schaedler agar (microaerophilic conditions); Gram staining of the colonies indicated streptococcal morphology. These specimens yielded positive hybridization assay signals, and five of them contained significant leukocytes as determined by either the leukocyte esterase (LE) test, microscopic count, or both. Seven more specimens with high hybridization signals did not yield positive culture, but all contained significant amounts of leukocytes as determined by the LE test or by microscopic counts. When these data are considered to indicate the presence of urinary tract infection and the comparison data are recalculated, the assay specificity and positive predictive value performance characteristics of the hybridization assay are improved by 14% and 9.5%, respectively (Table 1) .
Finally, in this study of clinical urine specimens, the following bacteria yielded positive hybridization results at or below the culture-positive criterion of .10,000 CFU/ml: E. coli, Proteus mirabilis, Proteus sp., Enterobacter cloacae, Enterobacter aerogenes, Klebsiella sp., Pseudomonas aeruginosa, Morganella morganii, Citrobacterfreundii, group D strepococci, group B streptococci, Streptococcus pyogenes, coagulase-positive Staphylococcus sp., Staphylococcus epidermidis, beta-hemolytic streptococci.
DISCUSSION
The rRNA hybridization assay reported here is an effective test to screen for bacteria in clinical specimens. Since the rRNA sequences are highly conserved among procaryotes (7) and each bacterial cell has many copies of rRNA, low levels of bacteria can be detected (Fig. 3) . When the hybridization assay was used to screen for bacteriuria at a decision level of -10,000 CFU/ml, it exhibited a sensitivity of 96.2% compared with conventional aerophilic culture. A sensitivity of 100% would not be expected from comparison of the two methods because the calibrated loop culture method can have a variability of 20% (2) .
Current routine culture practices for urine specimens favor the recovery of aerophilic bacteria and do not take into consideration the presence of inhibitors of bacterial growth. Also, although culture is assumed to allow quantitative recovery, microscopic observation of clinical specimens demonstrates that specific bacteria, staphylococci and streptococci, remain in clusters and strands. Culture of these cells underestimates actual cell concentrations. It was not surprising, therefore, to find that the hybridization assay yielded a relatively large number (n = 30) of results in the falsepositive category. When specimen characteristics were systematically analyzed, about 50% were shown to contain <10,000 CFU of microaerophilic streptococci per ml and 50% contained either leukocytes or the leukocyte esterase marker for leukocytes. Since some investigators (13, 15) include pyuria in the definition of the urethral syndrome, we included the presence of >10 leukocytes per ,ul to indicate a positive urine specimen. Therefore, when <10,000 streptococci per ml associated with pyuria and pyuria alone were considered positive indicators of bacteriuria, assay specificity improved from 63.4 to 77.6% and the positive predictive value increased from 80.9 to 90.4%; the assay sensitivity did not change ( Table 1) .
None of the five false-negative specimen hybridization assay results were qualitatively significant. Five of these specimens contained mixed flora which would not require follow-up, and one contained relatively few (12,400 CFU/ml) (18) .
The use of an immobilized DNA probe eliminates the need to immobilize sample nucleic acids; this approach greatly simplifies a hybridization assay. DNA bound to small-diameter (1.25-,um) latex particles allowed rapid hybridization kinetics; hybridization was complete in 10 to 15 min. This is much faster than the 10-to 15-h assay developed with DNA probe immobilized on 4.8-mm-diameter beads (3). Under somewhat different hybridization conditions, Wolf et al. (17) reported similar hybridization rates for cDNA strands in solution compared to a system with one strand immobilized on latex particles. The rapid hybridization achieved with DNA-latex is attributed to the large surface area on the particles and the capacity of the latex to remain uniformly suspended in the hybridization medium. The diffusion distances between the sample rRNA and immobilized probe DNA are also short.
The hybridization rate was also increased by using about a 1,000-fold excess of probe DNA relative to sample rRNA. The DNA probe excess does not contribute to increased background signal since the antibody to DNA-RNA is very specific for the DNA-RNA hybrid. Our assay format is superior to solution hybridization, which uses hydroxyapatite to separate hybridized and unhybridized, labeled probes (5), because a large eXcess of labeled probe cannot be used in the latter approach to accelerate hybridization. The hydroxyapatite binds a small amount of unhybridized, labeled probe and creates an unacceptable background signal.
Although small-diameter latex particles facilitated rapid hybridization and antibody binding, they required special manipulations to remove excess enzyme and antibody before measurement of bound enzyme. We accomplished this separation by collecting and washing the latex on a 0.4-cm2 glass fiber filter pad. Reflectance rate measurements provided an effective means for quantitation of the enzyme activity. The reflectance technique avoids optical interference by the latex particles. Since the enzyme is concentrated on a small filter pad, a short enzymic reaction time provides a strong reflectance signal. As well, the color formed may also be read visually as a yes-or-no result.
The DNA-latex hybridization procedure was used to measure bacterial rRNA as a screen for a broad range of bacterial species in urine. Other applications may employ a DNA probe specific for an RNA virus, such as rotavirus, human immunodeficiency virus, or hepatitis D virus. Alternatively, specific DNAs can be detected by using RNA probes immobilized on latex particles. Finally, the antibody to DNA-RNA used in this method is a valuable reagent for designing convenient, rapid hybridization assays by the present DNA-latex method or by the solution hybridizationimmobilizable probe format described previously (19) . The preferred procedure for a particular application depends upon the requirements for assay time, convenience, and detection limit.
